Objective: The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of five different cathelicidin-derived synthetic peptides (SMAP-29, LL-37, PG-1, CRAMP and BMAP-28) for Leptospira interrogans, Borrelia spp. and Treponema pallidum subsp. pallidum were investigated in vitro. Methods: The MIC of individual peptides was defined as the lowest concentration able to inhibit the motility of spirochaetes after 2 h of incubation, as detected by dark-field microscopy. The MBC of individual peptides was defined as the lowest concentration at which no spirochaetes were subcultured either in cathelicidin-free medium (leptospires and borreliae) or in hamsters (T. pallidum). 
Introduction
Cathelicidin-derived antimicrobial peptides are a family of antimicrobial peptides identified in mammalian species. 1, 2 Despite notable structural diversity, their evolutionary relationship can be inferred from the highly conserved proregion that they share in the intracellular storage form. This N-terminal propiece of ∼100 residues was named cathelin after a polypeptide isolated from pig leucocytes prior to the identification of cathelicidins, 3 but it was later seen to correspond to the proregion of a porcine antimicrobial peptide. Cathelicidins are stored as inactive propeptides in the secretory granules of neutrophils, 4 and the active peptides are liberated by proteolytic processing upon cellular stimulation and may be released into the phagosome or extracellularly. [4] [5] [6] In addition to myeloid cells, cathelicidins are expressed in other tissues and blood cells. For instance, the human CAP-18/ LL-37 has been identified in testis, 7 in squamous epithelia, 8, 9 . and in specific lymphocyte and monocyte populations. 10 The number of different cathelicidins varies between species, with a single congener found in humans 1 and up to 10 found in a member of the mammalian order Artiodactyla, 1 which consists of the even-toed ungulates. 1 The C-terminal antimicrobial domains of different members of this family vary considerably in size and structure and include α-helical, Proand Arg-rich, Trp-rich and Cys-containing peptides. 1, 11, 12 In general, cathelicidin-derived peptides exert a potent and broad-spectrum activity in vitro against bacteria and fungi, including clinical isolates multi-resistant to conventional antibiotics, and they have a protective effect in animal models of infection. 1, 13, 14 In addition, some of these peptides bind to lipopolysaccharide (LPS) and neutralize its effects in in vivo models of endotoxaemia. 15 These features generated considerable interest in using these peptides as basic compounds for the development of novel anti-infective agents. Although their bactericidal activity has been tested extensively on representative Gram-positive and -negative bacteria and fungi, 2, 11, 12, 16 the pathogenic spirochaetes have not been systematically tested. 17 The oxygen-dependent mechanisms of neutrophils have a scanty killing effect on Borrelia burgdorferi 18 and leptospires (M. Cinco, unpublished data). Therefore, study was made of the potential spirochaeticidal activity of the cationic peptides of neutrophils, which account for an important part of their oxygen-independent killing mechanisms. 17, 19 In this investigation, the in vitro activity of five synthetic cathelicidin-derived peptides was determined against different pathogenic spirochaetes. Four of the peptides had an α-helical conformation and one a β-sheet hairpin structure.
Materials and methods

Bacterial strains and growing conditions
The following species of spirochaetes were used: Leptospira interrogans serovars copenhageni (Wijnberg strain), hardjo (Hardioprajitno strain), pomona (Mezzano strain), icterohaemorrhagiae (Bianchi strain), Borrelia garinii (P/Bi and BITS strains), Borrelia burgdorferi sensu stricto (IRS and Alcaide strains), Borrelia afzelii (BL3 strain), Borrelia anserina (NiNL strain) and the Nichols strain of Treponema pallidum subsp. pallidum. L. interrogans strains were grown at 30°C in Ellinghausen-McCullough-Johnson-Harris (EMJH) medium, 20, 21 whereas the strains of B. burgdorferi sensu lato (s.l.) were maintained at 34°C in BarbourStoenner-Kelly (BSK) II medium, as previously reported. 22 B. anserina NiNL, an avian pathogenic strain, was obtained from the blood of infected chicks and purified in BSK-II medium to produce a blood-cell-free suspension as already described. 23 T. pallidum subsp. pallidum, Nichols strain, was originally obtained from the Statens Serum Institute (Copenhagen, Denmark) and maintained by passages in testicles of adult male New Zealand White rabbits every 10-14 days. 24 Animals were given antibiotic-free food and water ad libitum. Treponemes were extracted from infected testicles with 0.15 M phosphate-buffered saline (PBS) containing 2% (v/v) heat-inactivated rabbit serum (HIRS) as reported elsewhere. 24 
Peptides
Five synthetic cathelicidin-derived peptides from diverse mammalian species were used: SMAP-29 from sheep, 25, 26 CRAMP from mice, 27 LL-37 from humans, 7 BMAP-28 from cattle 28 and PG-1 from pigs. 29 Each peptide was synthesized as reported previously by solid phase Fmoc chemistry. 24 PG-1 was air-oxidized at a concentration of 0.1 g/L under gentle stirring in 0.1 M Tris-HCl buffer, pH 7.5, for 24-36 h at room temperature. The peptides were purified by reversed-phase high-pressure liquid chromatography on a preparative C 18 Delta-Pak column with appropriate water-acetonitrile gradients, in the presence of 0.1% trifluoroacetic acid, as described previously. 28 Purity of the peptides was assessed by analytical reversed-phase chromatography with a C 18 X-Terra column (Waters, Milford, MA, USA) and their molecular mass was determined with an API I electrospray mass spectrometer (SCIEX; Perkin Elmer, Norwalk, CT, USA). After purification, the peptides were lyophilized in 10 mM HCl and stored at 4°C. Stock solutions of each peptide at 1 g/L concentration were prepared in PBS for the evaluation of antimicrobial activity and stored frozen at -80°C in 0.02 mL aliquots until used.
Evaluation of the antibacterial activity of cathelicidin-derived peptides
Stock solutions of individual peptides were two-fold diluted in test tubes containing a total volume of 0.12 mL of spirochaete suspension in PBS-HIRS. The number of spirochaetes was then adjusted in each individual test tube to 1 × 10 8 /mL. Each series of tubes contained duplicates of individual peptide concentrations, plus two control tubes where the peptide was omitted. The tubes were then incubated under appropriate conditions: 95% N 2 /5% CO 2 for T. pallidum experiments and atmospheric air for Leptospira spp. and Borrelia spp. The results reported are the mean of three different experiments.
Determination of MIC and MBC
A uniform and standardized method to test antimicrobials against human pathogenic spirochaetes has not been established. For borreliae and leptospires, the MIC is generally considered the drug concentration at which no motile organisms are observed after 48-72 h of incubation. 30, 31 In this study, due to the rapid action exerted by the cathelicidin-derived peptides against the microbial cells, preliminary experiments carried out with different concentrations of peptides over a time up to 72 h confirmed that the action of peptides on the motility of borreliae and leptospires was rapid, since the bacteria lost their motility within 2 h of the addition of the various concentrations of the drug. Therefore, the MIC of cathelicidin-derived peptides for spirochaetes was defined as the lowest concentration at which no motile spirochaetes were observed by dark-field microscopy (DF) after 2 h of incubation. T. pallidum cannot be cultivated in vitro; however, this microorganism remains viable for at least 8-16 h in a suitable environment. 24, 32 Therefore, in this study, due to the rapid action exerted by the cathelicidinderived peptides, it proved possible to detect the MIC for T. pallidum as it has been obtained for leptospires and borreliae.
The MBCs for borreliae and leptospires are determined by the absence of spirochaetes in subcultures on microscopic examination after various incubation periods. 30 The MBC determinations made by these methods require virtually 100% killing of the final inoculum, which is a strict requirement for any antimicrobial drug. 33 In this study, the MBC of cathelicidin-derived peptides for borreliae and leptospires was defined as the lowest concentration of the peptides at which no spirochaetes were subcultured (see below). The T. pallidum MBC determination, following Norris et al., 34 was defined as the lowest concentration that abrogated the ability of treated treponemes to cause infection in animals (see below). To determine the MBCs for leptospires and borreliae, after 2 h of incubation in the presence of cathelicidinderived peptides (each dilution in triplicate) the bacteria were collected by centrifugation and added to vials containing EMJH or BSK-II medium, respectively, up to a final volume of 5 mL. Cultures were then incubated as above over a 2 week period, with daily DF observation.
The MBC for T. pallidum was evaluated in hamsters (authorization no. 16745 by the Ethical-Scientific Committee of the University of Bologna, 07/23/1999). After 2 h of incubation in the presence of peptides, treponemes were collected by centrifugation and inoculated intradermally (1 × 10 7 organisms in 0.1 mL volume: this is the dose that ensures 100% infection of the animals injected with live organisms; V. Sambri, unpublished data) in an abdominal shaved area of male, 8-week-old, Syrian hamster (LSH strain; Morini, S. Polo d'Enza, Italy). Five hamsters were used for each peptide dilution corresponding to the MIC and the half-MIC, respectively. Each experiment was performed in triplicate. The animals were then caged individually and given antibiotic-free food and water ad libitum. Each hamster was checked weekly over 7 weeks for the appearance of typical skin lesions at the inoculum site.
Detection of T. pallidum infection in hamsters
In the case of an evident chancre, the presence of T. pallidum in the exudate was inferred by DF observation and direct immunofluorescence assay (DFA) with rabbit anti-T. pallidum serum 35 and by the evaluation of animal immune response to T. pallidum by western blotting. At the end of the 7 week observation, the hamsters were euthanized and the presence of treponemes was evaluated by DF and DFA on homogenates obtained from spleen and abdominal lymph nodes, as follows: inguinal lymph nodes and the spleen were excised, and teased apart in 0.06 and 0.5 mL of sterile PBS, respectively. Two series of five slides each were prepared: one series prepared with smears obtained from the lymph nodes and the other from the spleen. Two slides of each series were immediately read by DF observation, under the conditions reported above; the remaining slides were air dried, fixed in cold acetone for 10 min and processed by DFA, as indicated below.
As a source of anti-T. pallidum-specific antibodies for the DFA, a serum sample of an experimentally infected rabbit was used. As fluorescein conjugate, swine anti-rabbit immunoglobulins (Dako, Copenhagen, Denmark) diluted 1:30 in PBS were used.
The antibody response to T. pallidum in the animals was evaluated by western blotting performed with peroxidaseconjugated anti-hamster G immunoglobulins (Organon Teknika, Turnhout, Belgium), as described previously. 36 A test was considered positive when at least three of the following four bands were present: TpN15, TpN17, TmpA and TpN47, with apparent molecular masses of 15.5, 17, 44.5 and 47 kDa, respectively. 37 A test was considered negative when no band or fewer than three of the above-listed T. pallidum-specific bands were present; 36 the reader was blinded to the identity of the serum samples when the western blotting strips were examined.
Results
The MIC values of the five peptides for Leptospira, Borrelia and T. pallidum, reported in Table 1 , are the means of three different experiments. In particular, the MIC of SMAP-29 for leptospires was 12.8 mg/L when tested against serovars hardjo, pomona and icterohaemorrhagiae, and 51.2 mg/L when tested with serovar copenhageni. The remaining peptides showed variable activity against leptospires: in particular, the second most active peptide was BMAP-28, with MIC values ranging from 3 mg/L (serovar copenhageni) to 36.9 mg/L (serovar icterohaemorrhagiae). CRAMP and LL-37 were the least active: the MIC values ranging between 33.8 mg/L (the MIC of CRAMP for serovars copenhageni and pomona) and 224.7 mg/L (the MIC of LL-37 for serovar icterohaemorrhagiae). All the peptides tested against B. burgdorferi s.l. strains and the strain Ni-NL of B. anserina showed MICs ≥ 204 mg/L. As for T. pallidum, PG-1 was the most active (MIC 32.3 mg/L), followed by SMAP-29 (MIC 38.4 mg/L).
In contrast, LL-37, CRAMP and BMAP-28 were much less active.
The activity of peptides on the motility of spirochaetes was both dose-and time-dependent. The results are summarized in Figures 1 and 2 , which show typical curves for the two most active peptides used in this study, SMAP-29 and PG-1, when tested against leptospires and treponemes, respectively. The higher the concentration used, the faster the activity exerted by synthetic peptides against spirochaetes. In addition, the peptides, when used at a concentration higher than their MIC, were able to immobilize from 50% to 85% of bacteria in 10 min, whereas lower concentrations were unable to immobilize bacteria over a period of 4 h. No immobilization was detected for leptospires when observed for as long as 72 h (data not reported). Control preparations of spirochaetes containing no peptides were seen to maintain their motility at ratios higher than 95% over the total incubation of 4 h.
Determination of the MBC
The MBC values for leptospires and borreliae were determined by recultivating spirochaetes in cathelicidin-free medium, whereas the MBCs for T. pallidum were determined by recultivating treponemes in animals. The MBCs were the same as the MICs for all the spirochaetes tested.
Some details of the bactericidal activity of peptides against treponemes are reported in Table 2 . All the animals injected with treponemes incubated in the presence of peptides at a concentration equal to the MIC did not develop any chancre and did not show the presence of spirochaetes in the spleen and lymph nodes by DF and/or DFA. In contrast, several animals injected with T. pallidum treated with concentrations of cathelicidin-derived peptides lower than the MIC developed a skin lesion 19-40 days after injection. Similarly, two of five control animals, injected with treponemes, not treated with any peptide, developed skin lesions after 25 and 37 days, respectively. In addition, the presence of treponemes in biopsies was found by DF and DFA in all the hamsters inoculated with T. pallidum treated with cathelicidin-derived peptides at concentrations lower than the MIC and in the controls, irrespective of the presence of the typical chancre. Animal infection was also confirmed by serological data obtained by western blot analysis; all the sera obtained from hamsters positive by DF and/or by DFA clearly recognized several T. pallidum antigens, including the four specific bands TpN47, TmpA, TpN17 and TpN15. In contrast, sera obtained from animals inoculated with treponemes treated with peptides at concentrations equal to the MIC, and negative by DF and/or DFA examinations, were also negative by western blot.
Discussion
Effective host defence against microbial invasion requires the innate immune system, whose response is both rapid and independent of prior exposure. Neutrophil leucocytes are central cellular effectors of the innate defence system and are expected to play a key role in the clearance of Leptospira spp., Borrelia spp. and T. pallidum during the early phases of infection. After phagocytosis, the clearance of these spirochaetes may proceed through the bactericidal oxygen-dependent and -independent machineries of the neutrophil leucocytes. The oxygen-dependent mechanisms have a scanty killing effect on B. burgdorferi 18 and leptospires (M. Cinco, unpublished data). Although the bactericidal activity of neutrophil cationic peptides has been extensively tested on a number of Grampositive and -negative bacteria, 1 only sparse data have been produced on their antispirochaetal activity. Some representatives of defensins found in testicular lesions of syphilitic rabbits have been found to be active in vitro against T. pallidum, suggesting that they play a role in the control of local T. pallidum infection. 38, 39 Scocchi and co-workers 40 reported that the bactenecins Bac5 and Bac7 were bactericidal against L. inter- rogans and Leptospira biflexa, whereas they were inactive against B. burgdorferi.
The results obtained in this study showed that of five cathelicidin-derived peptides, SMAP-29 from sheep and BMAP-28 from cattle were the most active against L. interrogans serovars, with some differences depending on strains. This observation supports previous data obtained with the bovine bactenecins Bac5 and Bac7, 40 and with other cationic peptides of different animal origin (M. Cinco, unpublished data). The PG-1 and SMAP-29 peptides were the only peptides showing intermediate activity against T. pallidum. Finally, all five peptides were much less active (the MICs ranged between 204 and 449 mg/L) against Borrelia strains. It is interesting to note that the killing activity of LL-37 peptide against B. burgdorferi found in this study (449 mg/L) using a high ionic strength buffer (PBS) is comparable to the results obtained by Lusitani et al. 17 (>200 mg/L) using the same buffer. Previous in vitro studies showed that SMAP-29 is the most active of the cathelicidin peptides tested so far for several bacteria, including Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus, with MICs ranging between 0.10 and 1.24 mg/L. 11, 13 The MIC of this drug for P. aeruginosa strains isolated from patients with cystic fibrosis ranged from 0.06 to 8 mg/L. 16 The MIC of the same drug for various ovine respiratory pathogens ranged between 0.06 and >20 mg/L. 13 In this study, SMAP-29 was the most active drug against leptospires (MIC ranging between 4 and 16 mg/L), whereas the MIC for T. pallidum was 12 mg/L. These data show that leptospires and T. pallidum are clearly less sensitive than other Gram-positive and -negative bacteria to SMAP-29, whereas borreliae were sensitive only at a very high concentration of the drug.
The LL-37 cathelicidin peptide, the only peptide of human origin tested in this study, was much less active, confirming the results of previous studies with other bacteria. 11, 16 The cationic nature of antimicrobial peptides is important for their initial interaction with negatively charged components of bacterial outer and inner membranes. Antimicrobial peptides adopt an α-helical structure, which seems to be essential for their antibacterial activity, only after binding to negatively charged bacterial cell wall components such as LPS or lipoteichoic acid. 11, 16, 26, 41 Unlike leptospires, neither T. pallidum nor B. burgdorferi contains LPS. 42, 43 This might partly explain the results obtained in the present study, where the overall activity of cationic peptides against leptospires was clearly higher than that observed against Borrelia strains and T. pallidum. Since B. burgdorferi and T. pallidum do not present LPS but express several surface lipoproteins, it is possible that the action of the cathelicidin peptides against these bacteria is due to the ability of peptides to bind lipoproteins.
Previous studies and the present one suggest that cathelicidin peptides have substantial in vitro activity against several bacteria. Much remains to be done to evaluate their interactions with constituents of biological fluids and their in vivo efficacy and safety. Therefore, studies in animal models are needed to understand whether the in vivo studies will confirm in vitro results. 
